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Stable compounds in the V-N binary system are systematically investigated and four new phases are found:
Pbam-V5 N2 , Pnma-V2 N, P3̄m1-V2 N3 , and I4/mcm-VN2 . All the predicted high-pressure vanadium nitrides
are dynamically stable at ambient pressure. Moreover, the thermodynamic stability of vanadium nitrides in the
temperature range of 0–1500 K at different pressures (0, 20, 40, 60, and 120 GPa) was also evaluated within the
harmonic approximation. The sequence of phases of V2 N under pressure is ε-Fe2 N type → ζ -Fe2 N type →
Fe2 C type → Pnma-V2 N. In addition, relative stability and lattice dynamics properties of several vanadium
mononitrides are systematically calculated and discussed. Structural features, mechanical properties, electronic
structures, and chemical bonding of all the V-N compounds are analyzed at 0 GPa. Among these vanadium
nitrides, WC-type VN has the highest Vickers hardness (∼37 GPa) and superior fracture toughness (4.3–
6.1 MPa m1/2 ), which mainly originate from its strong V-N bonding as well as its strong three-dimensional
V-N covalent bond network. The configuration of the strong and short N-N covalent bonds enables the new
phase I4/mcm-VN2 to exhibit good mechanical properties. Our results also reveal that the formation of a
strong covalent-bond network topology in a crystal is a fundamental principle for designing a hard or superhard
structure.
DOI: 10.1103/PhysRevB.104.134111

I. INTRODUCTION

Compared with pure metals, transition metal nitrides have
shorter and stronger bonds, which lead to a very low compressibility and high hardness. Therefore a great deal of work
has been performed to search for new transition metal nitrides
(and also carbides and borides) with extreme hardness and
good fracture toughness, in the hope that many of these will
find applications in cutting tools and as hard coatings. Among
these transition metal nitrides, vanadium nitride VN becomes
an attractive candidate because of its high hardness [1,2],
high melting point [3], good corrosion resistance [4], and
low friction coefficient [5,6]. Based on the combination of
these outstanding physical and chemical properties, vanadium
nitride thin films have been fabricated to be used as hard coatings [7,8], and nanocrystalline vanadium nitride can become
an attractive material for supercapacitors [9]. For example, the
rocksalt-structured VN and VN-based materials are attracting
interest due to their unique combination of inherently high
hardness and toughness [10–12], which are unusual for ceramics.
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Properties are closely related to the structure of materials.
For the crystal structures of V-N compounds, it has been
established that β-V2 N1−x has an -Fe2 N-type (P3̄1m-V2 N)
structure and δ-VN1−x has a NaCl-type structure (F m3̄m-VN)
[13]. δ  -VN1−x (V32 N26 ) was reported to exist below 520 ◦ C,
and the lattice constant of its structure is twice as large as
that of the original NaCl-type cell with six nitrogen atoms
removed from the unit cell [14]. In addition, three metastable
phases with stoichiometries V16 N, V8 N, and V9 N2 have been
reported [15,16] and can be formed according to a proposed
metastable phase diagram [13]. Other intermediate phases,
including V13 N, V9 N, and V4 N, are believed to metastably
exist [16].
Much effort has been put toward exploring the structures
of these stable or metastable vanadium nitrides. Even for
the simple vanadium mononitride, a significant amount of
attention has been paid to its crystal structure. Three decades
ago, Kubel et al.’s [17] experiment detected that VN crystallizes in the NaCl-type structure at 298 K and transforms into
a low-temperature distorted cubic phase (tetragonal, space
group P4̄2m) below 205 K. Afterwards, first-principles density functional theory (DFT) calculations [18,19] showed that
NaCl-type VN is dynamically unstable at 0 K with pronounced imaginary phonon frequencies around the X point
on its phonon dispersion curves. Then the explanation of
the dynamical stability of NaCl-type VN at or above room
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temperature was sought. Ivashchenko and Turchi’s DFT calculation [19] showed that an increase in temperature or
nitrogen vacancies shift down the Fermi level and cause a
lattice expansion, which leads to the disappearance of the
imaginary phonon mode and then stabilizes NaCl-type VN.
Subsequently, Ravi’s calculation [20] indicated that the N vacancies in VN render the observed NaCl-type structure stable.
More recently, Mei et al. [21], by performing both experiment
and ab initio molecular dynamics, showed that NaCl-type
VN was dynamically stabilized by the temperature-induced
anharmonic effects above 250 K.
However, despite abundant theoretical and experimental
studies of V-N compounds, less information was provided
on the pressure-induced new compounds in the V-N system. Moreover, except for the hardness of bulk F m3̄m-VN
(13 GPa) reported by previous experiments [22,23], the
mechanical properties of other V-N compounds are still experimentally lacking due to the difficulty of preparing samples
with different stoichiometries. In this work we perform a
comprehensive calculation to investigate the V-N system at
pressures up to 120 GPa, calculate the free energy of vanadium nitrides at finite temperatures within the harmonic
approximation, analyze phase transitions and dynamical stability of high-pressure phases, estimate the elastic constants
of these high-pressure phases, and then predict their hardness
and fracture toughness at 0 GPa. Indeed, several new stoichiometries in the V-N system have been predicted under high
pressure, and they were found to possess unusual mechanical
properties.
II. COMPUTATIONAL METHODOLOGY

Stable phases in the V-N system were predicted using a
first-principles evolutionary algorithm (EA) as implemented
in the USPEX code [24–26] combined with ab initio structure relaxations using DFT with the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) exchangecorrelation functional [27], as implemented in the VASP
package [28]. We also tested the DFT+U method, but the
calculated enthalpies of formation from pure DFT agree better with the experimental data at 0 K from NIST-JANAF
thermochemical tables [29]. The variable-composition structure searches [26] were performed for the V-N system at
0 GPa, 10 GPa, 20 GPa, 30 GPa, 40 GPa, 50 GPa, 60 GPa,
70 GPa, 80 GPa, 90 GPa, 100 GPa, 110 GPa, and 120 GPa.
Several fixed-composition searches were also performed for
vanadium mononitride at 0 GPa to systematically explore its
possible metastable structures. We then selected the lower
enthalpy phases and recalculated their enthalpies at a larger
number of pressures, generating the data shown in Fig. 5.
The initial generation of structures was produced randomly
using space group symmetry, each subsequent generation was
obtained by variation operators including heredity (40%), lattice mutation (20%), a random structure generator (20%),
and transmutation (20%). The electron-ion interaction was
described by the projector-augmented wave (PAW) potentials
[30], with 3p6 3d 3 4s2 and 2s2 2p3 shells treated as valence
for V and N, respectively. The plane-wave energy cutoff was
chosen as 600 eV, and -centered uniform k meshes with
resolution 2π × 0.06 Å−1 were used to sample the Brillouin

zone. Phonon dispersions were calculated using the finitedisplacement method implemented in the PHONOPY code [31],
based on the Hellmann-Feynman forces calculated with the
VASP code. The Voight-Reuss-Hill approximation was adopted
to estimate the polycrystalline bulk modulus (B) and shear
modulus (G). The Vickers hardness was estimated according
to the Chen-Niu’s hardness model [32] and its modification
by Tian [33], as well as Mazhnik’s hardness model [34]. The
fracture toughness was evaluated by Niu’s fracture toughness
model of covalent and ionic crystals [35] and Mazhnik’s
fracture toughness model [34]. The calculation of crystal orbital Hamilton population (COHP) was performed using the
TB-LMTO-ASA program [36] based on the tight-binding linear
muffin-tin orbital method with the atomic sphere approximation.
III. RESULTS AND DISCUSSION
A. Convex hull for V-N system

The convex-hull diagrams (Fig. 1) indicate that only
P3̄1m-V2 N and P6̄m2-VN are the ground-state phases at zero
pressure. The free energies of formation with and without
including zero-point energy (ZPE) are depicted by the black
solid and dash lines in Fig. 1, respectively. As we can see,
taking ZPE into account did not significantly change the shape
of convex hulls, especially at high pressure.
The thermodynamic stability of vanadium nitrides in the
temperature range of 0–1500 K at different pressures was
evaluated by constructing the thermodynamic convex hull
within the harmonic approximation, which is defined using
the Gibbs free energy of formation of the most stable phases
for each stoichiometry, as shown in Fig. 1 [37]. Except for
V2 N3 , all the other vanadium nitrides which are thermodynamically stable at 0 K keep their stability in the whole studied
temperature range at these six different pressures [Figs. 1(a)–
1(f)]. However, a special situation occurs at temperatures
>300 K at 20 GPa; the Gibbs free energy of reaction V2 N3
(s) → 2VN (s) + N (s) will become negative [Fig. 1(b)],
which indicates that from the perspective of energy, V2 N3 will
be decomposed into VN and P41 21 2-N at 374 K at 20 GPa
[Fig. 1(b)].
According to the calculated pressure-composition phase
diagram of the V-N system (Fig. 2) at 0 K, three new
compounds are found under high pressure: I4/mcm-VN2
(Al2 Cu-type) appears at 33 GPa and is stable at least up to 120
GPa; Pbam-V5 N2 becomes stable at 84 GPa; Pnma-V2 N is a
new high-pressure phase of V2 N. The dynamical stability of
all the V-N compounds was checked by phonon calculations
(see Fig. S4 in the Supplemental Material [40]), and no imaginary vibrational frequencies are found in the whole Brillouin
zone at 0 GPa, indicating all these high-pressure vanadium
nitrides are dynamically stable at ambient pressure.
B. Crystal structure of V-N compounds

The optimized structural parameters of V-N compounds are
listed in Table S3 in the Supplemental Materials [40]. These
structures are shown in Fig. 3. Previous experimental studies
reported that the NaCl-type VN transforms into a tetragonal VN (space group P4̄2m) on cooling, and the transition
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FIG. 1. Convex hulls of the V-N system in the temperature range of 0–1500 K at (a) 0 GPa, (b) 20 GPa, (c) 40 GPa, (d) 60 GPa, (e) 100 GPa,
and (f) 120 GPa, respectively. The Gibbs free energy of formation with and without including zero-point energy (ZPE) are, respectively,
depicted by solid and dashed back lines at 0 K. Note that the solid and dashed black convex hull really coincide at 20, 40, 60, 100, and 120 GPa.
The solid symbols denote stable phases while open ones represent metastable compounds. Based on our calculations, Im3̄m-V transforms into
0.23 GPa

0.43 GPa

9.5 GPa

56 GPa

R3̄m-V at 70 GPa, the phase transition sequence of N under high pressure is Pa3̄ −−−−→ Pbcn −−−−→ P21 /c −−−→ P41 21 2 −−−→ I21 3,
which is in excellent agreement with the experimental result [38] and in good agreement with the previous calculation [39]. At 0 GPa, the
solid of Im3̄m-V, α-N2 (T = 0 K) and N2 gas (T > 300 K, taking into account vibrational, translational and rotational contributions to the
free energy) were used as reference state; the Im3̄m-V and P41 21 2-N were adopted as reference states at both 20 and 40 GPa; the Im3̄m-V
and I21 3-N were adopted as reference states at 60 GPa; at both 100 and 120 GPa, the reference states were R3̄m-V and I21 3-N. For clarity,
the Gibbs free energies of formation in (b), (c), (d), (e), and (f) were shifted by –2.5, –2, –1.5, –1, and –0.5 eV/atom at 0, 300, 600, 900, and
1200 K, respectively.
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TABLE I. Relative enthalpies (taking the enthalpy of P6̄m2-VN
as reference) without and with zero-point energy (ZPE), dynamical
stability (DS) for low-energy vanadium mononitrides at 0 GPa. ZPE
can only be calculated for the dynamically stable phases. E denotes
the relative enthalpy without ZPE, and E∗ represents the relative
√
enthalpy with ZPE. = dynamical stability; × = dynamical instability; NA = not available.

Compound

Crystal system

E
(meV/atom)

P6̄m2-VN
P42 mc-VN
I41 md-VN
P63 /mmc-VN
R3m-VN
Imm2-VN
Cmc21 -VN
P4̄2m-VN
P42 /mcm-VN
P4/nmm-VN
F m3̄m-VN
Pm3̄m-VN

Hexagonal
Tetragonal
Tetragonal
Hexagonal
Trigonal
Orthorhombic
Orthorhombic
Tetragonal
Tetragonal
Tetragonal
Cubic
Cubic

0
18
22
106
122
133
164
175
175
180
193
679

DS
√
√
√
√
√
√
√
√
√
×
×
×

E∗
(meV/atom)
0
18
22
100
110
125
156
155
157
NA
NA
NA

FIG. 2. Pressure-composition phase diagram of the V-N system
at 0 K.

temperature is 204 K for bulk polycrystalline VN samples [17]
and 250–300 K for VN thin film [21]. However, DFT calculation indicates that hexagonal WC-type VN is the ground-state
structure [41]. To our best knowledge, the WC-type VN has
not been experimentally synthesized, and it is quite puzzling
the experimentally reported P4̄2m-VN is not the ground state
in the framework of GGA-PBE.
One possible reason is the phase stability at finite temperature. We calculated the Gibbs free energy of different
vanadium mononitrides within the harmonic approximation
(HA), as shown in Fig. 4(a). The Gibbs free energy of
P4̄2m-VN is lower than WC-type VN at about 2000 K within
the HA [Fig. 4(a)]. The quasiharmonic approximation (QHA),
which considers the effect of the thermal expansion at finite temperature, is further used to calculate the Gibbs free
energy of five tetragonal vanadium mononitrides under the
temperature, as seen in Fig. 4(b). The QHA result shows that
the transition temperature from P4̄2m-VN to WC-type VN is
at about 1685 K. It is reasonable to think that P4̄2m structure is formed during high-temperature synthesis and exists
metastably at lower temperature, its transition to the more
favorable WC-type structure being kinetically difficult due to
high energy barrier.
Another possible reason is the inaccuracy of the exchangecorrelation (XC) functional. Several different exchangecorrelation (XC) approximations and standard PBE (or local
density approximation, LDA) corrected by Hubbard U were
evaluated for the energy calculation for WC-type, NaCl-type,
and P4̄2m phases (see Tables SI and SII in Supplemental
Materials [40]). However, none of these XC approximations
enable tetragonal P4̄2m-VN to be the ground-state structure of vanadium mononitride. This reminds us of the case
in CrN phase, which adopts a paramagnetic cubic structure
(space group F m3̄m) and transforms to an antiferromagnetic
orthorhombic structure (space group Pnma) below the Néel

temperature (286 K). Then the magnetism needs to be considered for calculating the CrN structure; otherwise both the
standard LDA and GGA-PBE predict WC-type phase to be
the ground state of CrN [42]. Therefore the combination
of magnetic ordering and the vibrational effects might be
considered for predicting the experimental ground state of VN
and predicting the transition temperature between NaCl-type
to P4̄2m phase. This point has not been theoretically clarified
for VN before but requires techniques beyond the present
scope of this paper, such as the disordered-local-moment
molecular dynamics simulations in conjunction with the
temperature-dependent effective potential (DLM-MD-TDEP)
[43] or special quasirandom structures (SQS) combined with
spin-space averaging (SSA) [44] methods and will be therefore left for a future contribution.
In our structure searches, besides the known WC-type VN
(P6̄m2), NiAs-type VN (P63 /mmc), NaCl-type VN (F m3̄m),
and CsCl-type VN (Pm3̄m), we also successfully found the
P4̄2m-VN which was proposed by Kubel [17]; the P42 mc-VN
and I41 md-VN which were reported by Pu’s first-principles
calculation [45]; and the P42 /mcm-VN and P4/nmm-VN that
were predicted in Ivashchenko’s first-principles study [19].
Moreover, new low-energy phases, R3m-VN, Imm2-VN, and
Cmc21 -VN, were also found. In Table I, we can see that
at zero pressure the enthalpies (without ZPE) of tetragonal
P42 mc, I41 md, P4̄2m, P42 /mcm, and P4/nmm phases are all
lower than that of NaCl-type phase. Slightly less stable than
WC type are two structures nearly equal in enthalpy at zero
pressure. One is P42 mc and the other is I41 md, which crystallizes in a body-centered-tetragonal NbAs-type structure with
a nonsymmorphic space group.
Except NaCl-type VN, which is dynamically unstable
at zero pressure and temperature based on the theoretical
analysis of its lattice dynamics [18], the dynamical stability of all the other vanadium mononitrides was checked by
calculating phonon dispersions (see Fig. S5 in the Supple-
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FIG. 3. Crystal structures of (a) P63 /mmc-V, (b) P3̄1m-V2 N, (c) Pbcn-V2 N, (d) Pnnm-V2 N, (e) Pnma-V2 N, (f) Pbam-V5 N2 , (g)
P6̄m2-VN, (h) P3̄m1-V2 N3 , and (i) I4/mcm-VN2 . The hcp sublattices of vanadium are highlighted by green line in (a), (b), (c), and (d).
Nitrogen-centered octahedra and nitrogen vacancies are shown as purple and orange polyhedra, respectively. Vanadium-centered polyhedra
are shown in green. The yellow polyhedra in (h) indicate each octahedron occupied by two nitrogen atoms instead of representing the
nitrogen-centered octahedra.

mental Material [40]) at 0 GPa. Imaginary frequencies are
found in phonon dispersion curves of R3m-VN, P4/nmmVN, and CsCl-type VN, indicating these three structures are
dynamically unstable. Then zero-point energies (ZPEs) were
calculated for the dynamically stable structures (see relative
enthalpy+ZPE values in Table I). Total enthalpy sequence
(including ZPE) within GGA framework for the eight dynamically stable structures is WC-type VN < P42 mc-VN <
I41 md-VN < AsNi-type VN < Imm2-VN < Cmc21 -VN <
P4̄2m-VN < P42 /mcm-VN. Structural parameters of these

vanadium mononitrides are described in more detail in the
Supplemental Material.
The enthalpy-pressure relations (without ZPE) of vanadium mononitrides, calculated at the higher level of accuracy,
are plotted in Fig. 5. It shows clearly that the WC-type structure is most stable up to 120 GPa, which is consistent with
a previous calculated result [45]. The other two structures
close in enthalpy under high pressure were P42 mc and I41 md,
which are 19–23 meV/atom less stable than WC type over
the entire pressure range considered. In addition, considering

FIG. 4. Gibbs free energy as a function of temperature for (a) different vanadium mononitrides within the harmonic approximation and
(b) selected tetragonal vanadium mononitrides within the quasiharmonic approximation. P6̄m2-VN is taken as the reference.
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FIG. 5. Relative enthalpy as a function of pressure for vanadium
mononitrides. CsCl-type VN is taken as reference. The inset shows
P4̄2m-VN, P42 /mcm-VN, and P4/nmm-VN in an expanded pressure range from 40 to 41 GPa.

that P4̄2m, P42 /mcm, and P4/nmm structures hold very close
enthalpy, the relative enthalpy vs pressure curves for these
three phases are specially inserted in Fig. 5, and it indicates
that P4̄2m-VN has lower enthalpy.
Regarding the structure of subnitride V2 N, the β-V2 N
phase was observed in 1949 by Hahn [46], and later Christiansen and Lebech [47] determined the structure of this phase
by neutron diffraction and showed it to be isotypical with
hexagonal ε-Fe2 N (space group P3̄1m) [13] or anti α-PbO2
structure type. Recently, Ravi [41] performed DFT calculation
to study the properties and phase stability of ζ -Fe2 N-type
V2 N (space group Pbcn), η-Fe2 C-type V2 N (space group
Pnnm), and CdI2 -type V2 N (space group P3̄m1). Our calculated results show that both ζ -Fe2 N-type and Fe2 C-type V2 N
are actually the high-pressure phases of V2 N and V2 N which
undergo a series of structural transformations with increasing
pressure: ε-Fe2 N-type V2 N first transforms into the ζ -Fe2 Ntype V2 N at 10 GPa, then to η-Fe2 C-type-V2 N at 59 GPa, and
then to the Pnma-V2 N at 96 GPa, as displayed in Fig. 6 [48].
In the ε-Fe2 N-type V2 N, ζ -Fe2 N-type V2 N, and Fe2 C-type
V2 N structures, all the V atoms are three-coordinate and N
atoms are six-coordinate, while the coordination numbers of V
and N atoms in Pnma-V2 N increase to four and eight, respectively. Careful analysis shows that P3̄1m-V2 N, Pbcn-V2 N,
and Pnnm-V2 N are formed by nitrogen atoms partially occupying the octahedral interstitial sites of a vanadium sublattice,
which is just slightly distorted from the perfect hcp lattice. The
polyhedral representations of these V2 N structures are shown
in Figs. 3(b)–3(d), and hcp vanadium [Fig. 3(a)] is drawn for
comparison. The distorted hexagonal close-packed vanadium
sublattice is no longer observed in the higher-pressure phase
Pnma-V2 N [see Fig. 3(e)].
The atomic arrangement of V2 N3 (space group P3̄m1) is
closely related to that of NiAl-type VN, which has an hcp

FIG. 6. Equation of state (EOS) of V2 N up to 120 GPa.
The calculated pressure-volume data were fit with a
third-order Birch-Murnaghan equation of state, P(V) =
(3B0 /2)[(V/V0 )−7/3 -(V/V0 )−5/3 ]{1 + (3/4)(B0 -4)[(V/V0 )−2/3 -1]}, to
find B0 and B0 .

array of vanadium with each octahedral interstice filled by one
nitrogen atom. The structure of P3̄m1-V2 N3 can be described
as an essentially hcp array of vanadium atoms, with each octahedral hole in one of the octahedral interstice layers [marked
with layer B in Fig. 3(h)] occupied by one nitrogen atom, but
each octahedral hole in another octahedral intersticial layer
[marked with layer A in Fig. 3(h)] prefers to be occupied by
two nitrogen atoms. Such manner of nitrogen occupying octahedral sites in V2 N3 causes the stoichiometric ratio of N/V
to increase from 1:1 (VN) to 3:2 (V2 N3 ) and also causes a
symmetry lowering from P63 /mmc (NiAs-type) to P3̄m1. The
V2 N3 structure may also be regarded as being built of VN6
trigonal prisms [indicated in green polyhedra in Fig. 3(h)],
which link up by a short N-N bond (bond length 1.34 Å) to
form a three-dimensional array.
The crystal structure of high-pressure VN2 phase is similar
to that of high-pressure TiN2 [49]. Both of them have the
anti-Al2 Cu type (I4/mcm) structure. This is different from the
case in transition-metal borides where the Al2 Cu-type structure is often formed with a transition-metal/boron ratio of 2:1
(e.g., Ti2 B, Cr 2 B, Mn2 B, Fe2 B, Co2 B, Ni2 B, and Mo2 B) [50],
while the AlB2 -type (P6/mmm) structure is predominant for
transition-metal borides with a transition-metal/boron ratio of
1:2 (e.g., TiB2 , VB2 , CrB2 , MnB2 , FeB2 , MoB2 , IrB2 ) [51,52].
C. Mechanical properties of V-N compounds

The mechanical stability of vanadium nitrides was checked
by calculating their elastic constants, proving that all these
compounds are mechanically stable at 0 GPa based on Born
criteria of mechanical stability [53]. Among them, WC-type
VN has the largest elastic constants C33 (890 GPa) and C44
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TABLE II. Calculated bulk modulus B, shear modulus G, Young’s modulus E, Poisson’s ratio υ, volume per atom V0 , Vickers hardness
Hv (Hvc is calculated from Chen-Niu’s model, Hvt is calculated from Tian’s modification model [33], Hvm is calculated from Mazhnik’s model
n
m
is calculated from Niu’s model [35], KIC
is calculated from Mazhnik’s model [34]) of V-N compounds
[34]), and fracture toughness KIC (KIC
at 0 GPa, as well as literature values for F m3̄m-VN. G/B and υ are dimensionless; KIC is in MPa m1/2 ; V0 is in Å3 /atom. Hardness, B, G, and
E are in GPa.
Compound

C11 C22 C33 C44 C55 C66 C12 C13

Pbam-V5 N2
P3̄1m-V2 N
Pbcn-V2 N
Pnnm-V2 N
Pnma-V2 N
P6̄m2-VN
F m3̄m-VN

351
453
424
473
385
634
621
616a
510
490
631

P4̄2m-VN
P3̄m1-V2 N3
I4/mcm-VN2

400 417
441
465 459
419 472
450 457
890

153
149
147
145
153
271
119
122a
510 127
843 138
609 168

117 93
158 155
148 180
129 130

127
161
292

197
162
180
171
208
172
162
165a
198
169
212

169
182
176
147
188
127

C14

C23

B

189 252
267
157 264
157 257
160 267
332
315
312a
198
302
152 -11.4
300
127
311
26

G

E

G/B

111
142
147
153
130
267
156
156a
138
170
214

291
361
372
383
335
631
401
402a
360
429
522

0.44
0.53
0.56
0.60
0.49
0.80
0.49

υ

0.31
0.27
0.26
0.25
0.29
0.18
0.29
0.29a
0.46 0.30
0.57 0.26
0.69 0.22

V0
10.25
10.54
10.53
10.52
9.82
8.65
8.77

Hvc

9.1
14.3
15.7
17.7
11.9
37.6
13.8
10-14b,c,d
8.77
11.3
8.60
17.7
7.71
26.8

Hvt
10.2
14.9
16.2
18.0
12.7
37.4
14.7

n
m
Hvm KIC
KIC

15.4
17.7
17.8
17.8
17.1
37.7
20.3

2.5
2.9
2.9
2.9
2.7
4.3
3.2

4.3
4.7
5.0
4.4
4.7
6.1
5.6

12.4 18.8 2.9 5.1
18.3 20.4 3.2 5.1
26.9 24.8 3.6 6.6

a

Calculated GGA result [56].
Experiment [22].
c
Experiment [57].
d
Experiment [10].
b

(271 GPa), indicating its extremely high incompressibility
along the c axis and great resistance to shear deformation.
Bulk modulus B, shear modulus G, and Young’s modulus E of
V-N compounds are evaluated from the single-crystal elastic
constants using the Voight-Reuss-Hill (VRH) approximation
[54]. Hardness and fracture toughness are two of the most critical mechanical properties of materials. The former represents
the ability of a material to resist scratching or indentation, and

the latter describes the resistance of a material against crack
propagation. For many applications, a material must have both
high hardness and high fracture toughness. The hardnesses
and fracture toughness of the polycrystalline are estimated
using the empirical models [32–35]. As listed in Table II, WCtype VN possess the best combination of hardness (∼37 GPa,
close to the threshold of superhardness, 40 GPa) and fracn
m
ture toughness (KIC
= 4.3 MPa m1/2 , KIC
= 6.1 MPa m1/2 ).

FIG. 7. Illustration of direction-dependent Young’s modulus E and torsion modulus Gt for P6̄m2-VN and I4/mcm-VN2 .
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The second hardest V-N compound is I4/mcm-VN2 (estimated hardnesses are in the range 25–27 GPa), which
n
also has good fracture toughness with KIC
= 3.6 m1/2
m
1/2
and KIC = 6.6 m .
Pugh [55] found correlations between the G/B ratio and
the ability of materials to deform plastically. Based on phenomenological observations, he proposed that materials which
exhibit low G/B ratios (typically  0.5) are more likely to
behave in a ductile manner than materials with large G/B.
From Table II, we can find that WC-type VN, I4/mcm-VN2 ,
and Pnnm-V2 N are brittle, while Pbam-V5 N2 , P3̄1m-V2 N,
Pbcn-V2 N, and Pnma-V2 N are ductile. For P3̄m1-V2 N3 , the
G/B value is 0.57. The directional dependence of Young’s
modulus (E) and torsional shear modulus (Gt ) for the hardest vanadium nitrides is displayed in Fig. 7. The degree of
elastic anisotropy in a system can be directly extracted from
the asphericity of these figures. According to our results,
I4/mcm-VN2 has a large G/B value and exhibits remarkable
elastic anisotropy of Young’s modulus (E) and torsional shear
modulus (Gt ), while WC-type VN shows more isotropic features. The anisotropy of I4/mcm-VN2 is due to its high C11
and low C13 values, resulting in a large torsional shear modulus in the axis direction and small in the diagonal direction.
D. Electronic structure and chemical
bonding of V-N compounds

To further illustrate mechanical properties and determine
the relative influence of various interatomic orbital interactions in vanadium nitrides, the total and projected electronic
density of states (DOS), the crystal orbital Hamilton population (COHP) curves, and the integrated COHP (ICOHP)
values of the ground-state V-N structures were calculated at
ambient pressure [58]. From the electronic DOS at the Fermi
level (EF ), it is clear that all these V-N compounds exhibit
metallic behavior, see Fig. 8. For Pbam-V5 N2 , P3̄1m-V2 N,
Pbcn-V2 N, Pnnm-V2 N, Pnma-V2 N, and P6̄m2-VN, the DOS
below the Fermi levels is characterized by two regions of high
DOS separated by a low-density region. The lower region
arises from the hybridization of V-d and N-p states, and the
upper region is dominated by V-d states. These results indicate
that a hybridization between the N-p states and the V-d states
occurs.
Another significant feature of the DOS is the existence of
the pseudogap, which is seen as a reduction (deep minimum)
in the density of states at the Fermi level. Among DOSs of all
the V-N compounds, the Fermi level of P6̄m2-VN perfectly
falls into a sizable pseudogap, indicating an electronically
favorable situation (the bonding states are fully occupied).
This is consistent with the COHP curves of P6̄m2-VN (see
Fig. S6 in the Supplemental Material) that the pseudogap in
the electronic DOS at the Fermi level indeed corresponds the
separating line between the V-N bonding states below and
V-N antibonding states above. Hence it is believed that there
is a strong covalent bonding between the V and N atoms in
P6̄m2-VN.
ICOHP, which is the integral of the COHP up to the Fermi
energy, provides a measure of the covalent-bond strength (the
more negative value, the stronger the bonding strength). It
should be noted that the ICOHP value does not equal the bond

FIG. 8. Total and partial density of states for V-N compounds at
0 GPa. The Fermi level is indicated in the dashed line.

energy but rather only provides a reasonable estimate [59].
The previous calculation [60] has been performed to understand chemical bonding of NaCl-type VN by calculating its
crystal orbital overlap population (COOP), the mechanism of
which is similar to COHP in analyzing the chemical bonding.
Our calculated ICOHP values are summarized in Table III
[61]. Comparing the percentage of different interactions in
the total bonding (“Contribution” column in Table III), we see
that in all compounds, V-N interactions dominate. Besides,
increasing the nitrogen content in subnitrides can improve
their mechanical properties due to the formation of additional
V-N bonds.
The -ICOHP values per average V-N bond of I4/mcm-VN2
are the lowest (2.293 eV/pair), indicating a weakened VN covalent bonding, which is consistent with the previous
analysis in its DOS. The COHP calculation reveals a strong
N-N covalent bonding (-ICOHP is 6.783 eV per average
N-N pair) which offsets the negative impact of weak V-N
bonding and contributes to the good mechanical properties
of I4/mcm-VN2 . For P3̄m1-V2 N3 , we see the largest N-N
bonding strength (-ICOHP is 10.552 eV per average N-N
pair) among all these vanadium nitrides, and its -ICOHP
value of the average V-N pair is comparable with P6̄m2-VN,
so it could be expected to have better mechanical properties than P6̄m2-VN. However, the bulk modulus, shear
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TABLE III. Bond length ranges and average -ICOHP values for
V-N compounds.

Bond type

Lengths
(Å)

V-V
V-N
N-N

2.363–2.636
2.139–2.179
2.868

V-V
V-N
N-N

2.760–2.857
1.994–1.996
2.835

V-V
V-N
N-N

2.736–2.855
1.990–2.000
2.839

V-V
V-N
N-N

2.691–2.831
1.987–2.019
2.831

V-V
V-N
N-N

2.473–2.618
2.120–2.186
2.830

V-V
V-N
N-N

2.650–2.744
2.066
2.650

V-V
V-N
N-N

2.818–2.972
2.032–2.048
1.337

V-V
V-N
N-N

2.488
2.136
1.383

-ICOHP
(eV/
n/cell -ICOHP Contribution
avg bond)
(eV/cell)
(%)
Pbam-V5 N2
1.567
8
2.566
7
–0.066
2
P3̄1m-V2 N
0.267
12
2.707
3
–0.081
1
Pbcn-V2 N
0.267
12
2.711
3
–0.026
2
Pnnm-V2 N
0.382
12
2.689
3
–0.039
2
Pnma-V2 N
1.535
7
2.389
7
–0.067
2
P6̄m2-VN
0.650
8
2.742
6
–0.063
2
P3̄m1-V2 N3
0.266
9
2.743
6
10.552
1
I4/mcm-VN2
1.206
2
2.293
8
6.783
1
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sublattices, has a rather isotropic distribution of strong bonds
and a high hardness as a result. Therefore, for nitrogen-rich
compounds, the effect of nitrogen content on the mechanical
properties is minor and the atomic configuration becomes the
main factor determining the mechanical properties.
IV. CONCLUSIONS

12.54
17.96
–0.13

41.1
58.9
–

3.21
8.12
–0.08

28.3
71.7
–

3.20
8.13
–0.05

28.3
71.7
–

4.58
8.07
–0.08

36.2
63.8
–

10.75
16.72
–0.13

39.1
60.9
–

5.20
16.45
–0.13

24.0
76.0
–

2.39
16.46
10.55

8.1
56.0
35.9

2.41
18.35
6.78

8.8
66.6
24.6

Stable V-N compounds and their crystal structures at
pressures up to 120 GPa were predicted using ab initio evolutionary algorithm USPEX. Four new phases, Pbam-V5 N2 ,
Pnma-V2 N, P3̄m1-V2 N3 , and I4/mcm-VN2 , were reported.
Meanwhile, the enthalpy and lattice dynamics of several vanadium mononitride are systematically calculated
and discussed. V2 N undergoes a phase transition from
ε-Fe2 N-type(P3̄1m) to ζ -Fe2 N-type (Pbcn) at 10 GPa and to
Fe2 C-type (Pnnm) at 59 GPa, then to Pnma-V2 N at 96 GPa.
The phonon spectra of all these stable vanadium nitrides are
calculated to verify their dynamical stability, and the Gibbs
free energy at room temperature or higher temperatures is
calculated to verify their high-temperature thermodynamic
stability within the harmonic approximation. Except for V2 N3
at 20 GPa, all the other vanadium nitrides are both dynamically stable and thermodynamically stable below 1500 K at
all pressures studied here. Afterward, the mechanical properties (elastic constants, bulk modulus, shear modulus, Young’s
modulus, hardness, fracture toughness) of all the above structures were evaluated at ambient pressure. WC-type VN has
the highest Vickers hardness and superior fracture toughness,
and I4/mcm-VN2 also exhibits good mechanical properties at
ambient pressure. The electronic density of states and crystal
orbital Hamilton populations of these structures were calculated, and the results showed that both the strong V-N covalent
bond and the formation of a strong three-dimensional V-N
covalent network are necessary for high hardness.
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